Single materials with efficient and stable white-light emission are ideal for lighting applications, but photon emission covering the entire visible spectrum is difficult to achieve using a single material. Metal halide perovskites have outstanding emission properties 2,3 ; however, the best-performing materials of this type contain lead and have unsatisfactory stability. Here we report a lead-free double perovskite that exhibits efficient and stable white-light emission via self-trapped excitons that originate from the Jahn-Teller distortion of the AgCl 6 octahedron in the excited state. By alloying sodium cations into Cs 2 AgInCl 6 , we break the dark transition (the inversion-symmetry-induced parity-forbidden transition) by manipulating the parity of the wavefunction of the self-trapped exciton and reduce the electronic dimensionality of the semiconductor 4 . This leads to an increase in photoluminescence efficiency by three orders of magnitude compared to pure Cs 2 AgInCl 6 . The optimally alloyed Cs 2 (Ag 0.60 Na 0.40 )InCl 6 with 0.04 per cent bismuth doping emits warm-white light with 86 ± 5 per cent quantum efficiency and works for over 1,000 hours. We anticipate that these results will stimulate research on singleemitter-based white-light-emitting phosphors and diodes for nextgeneration lighting and display technologies.
Single materials with efficient and stable white-light emission are ideal for lighting applications, but photon emission covering the entire visible spectrum is difficult to achieve using a single material. Metal halide perovskites have outstanding emission properties 2, 3 ; however, the best-performing materials of this type contain lead and have unsatisfactory stability. Here we report a lead-free double perovskite that exhibits efficient and stable white-light emission via self-trapped excitons that originate from the Jahn-Teller distortion of the AgCl 6 octahedron in the excited state. By alloying sodium cations into Cs 2 AgInCl 6 , we break the dark transition (the inversion-symmetry-induced parity-forbidden transition) by manipulating the parity of the wavefunction of the self-trapped exciton and reduce the electronic dimensionality of the semiconductor 4 . This leads to an increase in photoluminescence efficiency by three orders of magnitude compared to pure Cs 2 AgInCl 6 . The optimally alloyed Cs 2 (Ag 0.60 Na 0.40 )InCl 6 with 0.04 per cent bismuth doping emits warm-white light with 86 ± 5 per cent quantum efficiency and works for over 1,000 hours. We anticipate that these results will stimulate research on singleemitter-based white-light-emitting phosphors and diodes for nextgeneration lighting and display technologies.
Metal halide perovskites have rapidly advanced the field of opto electronic devices because of their exceptional defect tolerance, lowcost solution processing and tunable emission across the visible spectrum [5] [6] [7] [8] . For example, the photoluminescence quantum yield (PLQY) of perovskite nanocrystals is now close to unity 9, 10 , and green and red electroluminescent devices have been reported to have external quantum efficiencies that reach 20.1% [11] [12] [13] [14] . For lighting applications, white emission from a single emitter layer is of particular interest, because it simplifies device structure and avoids the selfabsorption and colour instability seen in mixed and multiple emitters 15 . Broadband and white emission typically originate from selftrapped excitons (STEs) that exist in semiconductors with localized carriers and a soft lattice [16] [17] [18] . Although hybrid metal halide perovskites, par ticularly those with lowdimensional crystal structures 15, [19] [20] [21] , have received considerable attention as broadbandemission materials, they rarely achieve high PLQY 21 . Further challenges in their use as emitters include their reliance on watersoluble leadbased materials, unsatis factory stability and a lack of systematic understanding of the origins of white emission.
Here we focused on the double perovskite Cs 2 AgInCl 6 , which is a promising material emitting warmwhite light, in view of its broad spectrum (400-800 nm) and its allinorganic and leadfree nature [22] [23] [24] .
We first performed firstprinciples densityfunctionaltheory and manybody perturbationtheory calculations using the GW approxima tion and the Bethe-Salpeter equation (BSE) to understand the origins of the broadband emission in Cs 2 AgInCl 6 . The GWBSE calculations indicated that the lowest exciton, which has a binding energy E b of 0.25 eV, is dark (emits no photons) because the associated transition is parityforbidden 24 (Fig. 1a) . This exciton was calculated with the crystal structure fixed in its groundstate equilibrium, which represents the situation of the free exciton. We then investigated exciton-phonon coupling by relaxing the lattice, which represents the situation of the STEs (Fig. 1b) . We found that the STEs in Cs 2 AgInCl 6 arise from a strong Jahn-Teller distortion of the AgCl 6 octahedron (see inset of Fig. 1b) ; that is, the Ag-Cl bonds are elongated by 0.08 Å in the axial direction but compressed by 0.2 Å in the equatorial plane. Hole trap ping at Ag atoms that changes the electronic configuration of Ag to 4d 9 favours a Jahn-Teller distortion. The STE has the same orbital char acter as the free exciton, indicating a parityforbidden transition. The selftrapping energy E st and latticedeformation energy E d -which are the excitedstate and groundstate energy differences between the STE and freeexciton configurations, as shown in the configuration coor dinate diagram of Fig. 1c -were calculated to be 0.53 eV and 0.67 eV, respectively. The emission energy was thus calculated to be E PL = E g -E st -E d -E b = 1.82 eV, where E g = 3.27 eV is the fundamental band gap energy, based on GW calculations and experimental results. This value agrees with the experimental photoluminescence peak value 22 of 2 eV. The phonon frequency, ћΩ g (ћ, reduced Planck constant), of the ground state, obtained by fitting the configuration coordinate diagram, is 18.3 meV, which agrees well with the phonon eigenmode of 17 meV. The corresponding eigenvector shows displacement in agreement with the Jahn-Teller distortion (Extended Data Fig. 1) , consistent with the view that the Jahn-Teller distortion is responsible for STE formation in Cs 2 AgInCl 6 . Strong electron-phonon coupling, which is necessary for STE formation, is confirmed by the large Huang-Rhys 25 factor S = E d /ℏΩ g = 37, consistent with experimental results (Extended Data  Fig. 2 ). With the phonon frequency ћΩ e = 17.4 meV of the excited state, we can estimate the exciton selftrapping time as τ = 2π/Ω e = 238 fs, which indicates an ultrafast transition from a free exciton to an STE fol lowing photoexcitation. The calculated photoluminescence spectrum and a comparison with the experimental data are shown in Fig. 1d . Overall the agreement is good, except for the small deviations at 400-450 nm, which could be attributed to the freeexciton emission not accounted for in our calculations.
The above theoretical analysis indicates an extremely low PLQY for pure Cs 2 AgInCl 6 . The PLQY is defined as the ratio of the radiative Letter reSeArCH recombination rate (k rad ) to the sum of the radiative and nonradiative (k non ) recombination rates. From Fermi's golden rule, k rad is propor tional to the transition dipole moment,
where ϕ e and ϕ h are the electron and hole wavefunctions, respectively, and μ is the electric dipole operator. The dark transition of the free excitons and STEs in Cs 2 AgInCl 6 results in extremely low radiative recombination rates, leading to low PLQY (<0.1%; Extended Data Fig. 2d ). Increasing k rad and reducing k non are two strategies to enhance the PLQY. The first and most critical step towards improving the PLQY is to break the parityforbidden transition by manipulating the symmetry of the STE wavefunction. A practical approach to this end is to partially substitute Ag with an element that can sustain the doubleperovskite structure, but has a distinctively different electronic configuration to Ag, such as a groupIA element (alkali metal). We therefore explored alloying Na into Cs 2 AgInCl 6 . Broadband emission was also observed in pure Cs 2 NaInCl 6 (Extended Data Fig. 3 ), but with very low efficiency due to strong phonon emission, as indicated by a simulated high Huang-Rhys factor of 80 at the excited state. We note that the Huang-Rhys factor can potentially serve as the figure of merit for the design of efficient whitelightemitting materials from STEs (Extended Data 6 , without causing detrimen tal defects or phase separation. For the synthesis, CsCl, NaCl, AgCl and InCl 3 precursors were mixed into an HCl solution in a hydrothermal autoclave, which was heated for a given time and then slowly cooled down, resulting in white precipitates as final products. This straight forward synthesis gave a product yield of nearly 90%.
Xray diffraction (XRD) patterns of a series of compositions (Fig. 2a) confirmed the pure doubleperovskite phase. The intensity of the (111) diffraction peak (marked with an asterisk in Fig. 2a ) is related to the Na/Ag composition through the dispersion factor of the Na, Ag and In atoms 26 . These agree well with the compositions determined using inductively coupled plasma optical emission spec trometry (ICPOES; Supplementary Table 3 ). This observation also suggests a high degree of B(I) and B′(III) site ordering and negligible antisite defects ( Supplementary Fig. 2 ). The refined lattice param eters follow a linear increase upon Na substitution, indicating sol idsolution behaviour with Na + /Ag + randomly distributed 27 at B(I) sites in Cs 2 Ag x Na 1−x InCl 6 (Extended Data Fig. 4 ). Upon Na alloying, an evident excitonic absorption peak emerged near 365 nm, and the intensity of white emission was enhanced by three orders of mag nitude compared to the pure Cs 2 AgInCl 6 and Cs 2 NaInCl 6 (Fig. 2b) . A similar phenomenon was also found in Lidoped Cs 2 AgInCl 6 and Nadoped Cs 2 AgSbCl 6 (Extended Data Fig. 5 ), suggesting a general trend of alkalimetalinduced photoluminescence enhancement in double perovskites. We then recorded the photoluminescence spec tra of a series of Cs 2 Ag x Na 1−x InCl 6 powders by varying the measure ment temperatures, and found that the extracted activation energy ( Supplementary Figs. 6, 7 ) increases monotonically with increasing Na content, suggesting suppression of the nonradiative process and ther mal quenching upon Na alloying. With optimized Na content, Bi dop ing and slow cooling, we obtained the highest PLQY of (86 ± 5)% at a Na content of about 40% (Fig. 2c, Supplementary Fig. 8 ). To the best of our knowledge, this PLQY represents the highest efficiency reported for whiteemitting materials (Supplementary Table 4 ). The best is the exciton wavefunction, v and c denote the valence and conduction states, and k is the wavevector. |S〉 is derived from the electron and hole states with the same parity (labels at the zone centre G and X) along GX, implying a dark transition. b, STE in Cs 2 AgInCl 6 . Cs atoms are omitted for clarity. The cyan and magenta isosurfaces represent the electron and hole orbital densities 
performing whitelightemitting lead halide perovskites C 4 N 2 H 14 PbBr 4 28 and CuGaS 2 /ZnS quantum dots 29 exhibit PLQYs of 20% and 73%, respectively. The Bi 3+ incorporation is believed to improve crystal perfection and promote exciton localization 30 , further enhancing the PLQY (Extended Data Fig. 6 ).
The STE origin of the white emission was further experimentally con firmed via photoluminescence excitation (PLE) spectra (Fig. 2d ). For emission from 460 to 700 nm, the PLE spectra exhibit identical shapes and features, indicating that the white emission originates from the relaxa tion of the same excited state. The experimental observations that the PLE spectra decrease to nearly zero at wavelengths above 400 nm, that the emis sion intensity from Cs 2 Ag 0.60 Na 0.40 InCl 6 exhibits a linear dependence on the excitation power ( Fig. 2e ) and that the PLQY results are independent from the photoexcitation power ( Supplementary Fig. 9 ) all suggest that the emission does not arise from permanent defects. Surfacedefect emis sion is also ruled out by the comparable photoluminescence intensity of single crystals and ballmilled powders ( Supplementary Fig. 10 ). The transient absorption data further provide direct evidence of STEs 17 . With 325nmwavelength laser photoexcitation, Cs 2 Ag 0.60 Na 0.40 InCl 6 exhibited a broad photoinduced absorption at energies across the visible spectrum ( Fig. 2f, Supplementary Fig. 11 ), with an onset time of about 500 fs, con sistent with our calculated exciton selftrapping time.
We performed further theoretical analysis to understand the trend of the PLQY as a function of Na content. In Fig. 3a , we show the calcu lated transition dipole moment of Cs 2 Ag 1−x Na x InCl 6 as a function of Na concentration. It is clear that with the increase of Na content, the transition dipole moment first increases and then decreases, reflecting the observed compositiondependent PLQY. Figure 3b compares the electron wavefunction of the STEs before and after the Na alloying. Na incorporation breaks the inversion symmetry of the Cs 2 AgInCl 6 lattice and changes the electron wavefunction at the Ag site from symmetric to asymmetric; this results in a parity change in the STE wavefunction and consequently allows radiative recombination. Because Na + contributes to neither the conductionband minimum nor the valenceband maxi mum of the alloy, the second effect of Na incorporation is to reduce the electronic dimensionality 4 of the Cs 2 AgInCl 6 lattice by partially isolat ing the AgCl 6 octahedra ( Supplementary Fig. 12 ). The newly formed NaCl 6 octahedra serve as barriers that confine the spatial distribution of the STEs (Fig. 3c) , thus enhancing the electron and hole orbital overlap and increasing the transition dipole moment. For example, the radius of the STE is reduced from more than 20 Å for the pure Cs 2 AgInCl 6 to only 9 Å with 50% Na incorporation, which increases the transition dipole moment from zero to 0.07 (in arbitrary units, a.u.).
Two factors account for the decreased PLQY upon further increasing the Na content. For Narich compounds, the electron remains strongly confined within a single In octahedron (In 5s and Cl 3p), and the hole is always located on the Ag 4d orbital and the neighbouring Cl 3p orbitals (Fig. 3d) . Therefore, the orbital spatial overlap between electrons and holes for the STEs, and hence the transition dipole moment, is markedly reduced. The second factor is the increased nonradiative loss in the Narich alloy. We found that the excited and groundstate curves cross in the configuration coordinate diagram of pure Cs 2 NaInCl 6 (Fig. 3e) , which means that some photoexcited electrons can recombine with holes nonradiatively through phonon emission. The resulting diminished transition dipole moment and enhanced nonradiative recombination rates explain the decreased PLQY for Narich alloys.
The photoluminescence spectrum of the bestperforming Cs 2 Ag 0.60 Na 0.40 InCl 6 powder exhibits extended overlap with the sen sitivity of the human eye to optical wavelengths (that is, the lumi nosity function) (Fig. 3a) , which enables a theoretical luminous efficacy reaching about 373 lm W −1 . Emission stability is another 
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key, yet very challenging, parameter for lighting applications. The Cs 2 Ag 0.60 Na 0.40 InCl 6 materials demonstrated little emission degrada tion when tested from 233 K to 343 K. A version of the material slightly richer in Na (Na/(Ag + Na) = 0.46) showed stable emission up to 393 K ( Supplementary Fig. 13 ). We further annealed our Cs 2 Ag 0.60 Na 0.40 InCl 6 powders on a hotplate at 150 °C for 1,000 h and observed little pho toluminescence decay of the white emission (Fig. 4b) . We propose that the strongly bound excitons and nearly defectfree lattice of Cs 2 Ag 0.60 Na 0.40 InCl 6 prevent photoluminescence quenching and that the allinorganic composition also helps resist thermal stress (decom position temperature of up to about 863 K; Supplementary Fig. 14) .
We fabricated a whiteemission lightemitting diode (LED) by directly pressing the Cs 2 Ag 0.60 Na 0.40 InCl 6 powders onto a commercial ultraviolet LED chip, without using epoxy or silica encapsulation for protection. With the contribution from the blue light of the ultraviolet LED chip (380-410 nm), the device has CIE coordinates (0.396, 0.448), located at a warmwhite point with a correlated colour temperature of 4,054 K, which fulfils the requirements for indoor lighting. The Cl 2 dimer ion, whereas the electron is derived from In 5s/Cl 3p orbitals. The separation of the electron and hole makes the optical transition very weak. In b-e, the cyan and magenta isosurfaces denote electrons and holes, respectively. Letter reSeArCH white LED showed negligible degradation when operated at about 5,000 cd m −2 for over 1,000 h in air (Fig. 4c) . This outstanding photo metric performance, combined with its easy manufacture, indicate promise for whitephosphor applications.
The broadband emission associated with the STEs provides a new strategy to produce singlematerialbased, whitelight electrolumi nescence. We thus fabricated prototype doubleperovskitebased electroluminescence devices. XRD measurements confirmed the pure phase of the thermally evaporated Cs 2 Ag 0.60 Na 0.40 InCl 6 film, which showed bright and uniform warmwhite photoluminescence under ultravioletlamp excitation (Fig. 4d) . Our electroluminescence device demonstrated biasinsensitive broadband emission and a peak current efficiency of 0.11 cd A −1
, which was mainly limited by the low quality of the Cs 2 Ag 0.60 Na 0.40 InCl 6 films ( Supplementary Figs. 15-17) . Further research should focus on optimizing emittinglayer quality and device configuration to increase electroluminescence performance.
In summary, Na alloying into Cs 2 AgInCl 6 breaks the parity forbidden transition and reduces its electronic dimensionality, leading to efficient white emission via radiative recombination of STEs. This whitelightemitting material also demonstrates outstanding stability and lowcost manufacture, indicating promise for solidstate lighting. We believe that halide double perovskites hold great potential for dis play and lighting applications and merit further study to realize their full potential.
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Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at http://scihub.tw/10.1038/s4158601806910. ) were purchased from Guangdong Xiangcheng Technology Company. All materials were used as received. Synthesis of alloyed double-perovskite materials. Because double perovskites are generally impuritysensitive, a Teflon autoclave was soaked overnight with aqua regia and highpurity raw materials were used. Then, 1 mmol anhydrous InCl 3 , 0.005 mmol anhydrous BiCl 3 and 2 mmol CsCl were first dissolved in 10 ml of a 10 M HCl solution in a 25ml Teflon autoclave. Then x mmol of AgCl and 1−x mmol of NaCl were added and the solution was heated at 180 °C for 12 h in a stainlesssteel Parr autoclave. The solution was then steadily cooled to 50 °C at a speed of 3 °C h −1 (the cooling process was key in determining the PLQY of the products). The asprepared crystals were then filtered out, washed with isopro panol and dried in a furnace at 60 °C. Nadoped Cs 2 AgSbCl 6 was synthesized by substituting the InCl 3 with SbCl 3 , and Lidoped Cs 2 AgInCl 6 was obtained by mix ing 20 mmol LiCl with 1 mmol Cs 2 AgInCl 6 in a 25ml Teflon autoclave containing 4 ml of a 10 M HCl solution, and then following exactly the same procedure as for the Cs 2 Ag x Na 1−x InCl 6 synthesis. Characterization and calibration of the PLQY of Cs 2 Ag x Na 1−x InCl 6 . The PLQY was measured using an absolute photoluminescence measurement system (Hamamatsu QuantaurusQY) at Tsinghua University. The excitation wavelength was 365 nm, and the step increments and integration time were 1 nm and 0.5 s per data point, respectively. Commercial YAG:Ce 3+ powder purchased from Hunan LED Company with a standard PLQY (80%-85%, 460 nm excitation) was used to calibrate the system. Electroluminescence device fabrication. Colloidal ZnO nanocrystals were synthe sized following a published procedure 31 . Patterned indiumdoped ITO substrates were cleaned by sequential sonication in acetone, ethanol and deionized water, for 30 min in each bath. After drying, solutions of PEIE in isopropanol (0.1 wt%) were spincoated onto the ITO substrates at 5,000 r.p.m. for 60 s, followed by a layer of ZnO nanocrystals spun at 3,000 r.p.m. for 60 s, and a further PEIE layer (0.1 wt% in 2methoxyethanol), spincoated at 5,000 r.p.m. for 60 s. The Cs 2 Ag 0.60 Na 0.40 InCl 6 film was deposited by thermal evaporation of CsCl, AgCl, NaCl, InCl 3 and BiCl 3 in separate crucibles at a stoichiometric molar ratio of 2:0.6:0.4:1:~0.005. The evap oration rate was monitored by a quartz microbalance. After the pressure of the evaporator chamber (Fangsheng Technology, OMVFS300) was pumped down to 6 × 10 −6 mTorr, one precursor was heated slowly to achieve a desirable deposition rate (CsCl, 0.10-0.20 Å s ). The shutter was then manually opened until a certain thickness was deposited. The evaporation sequence was CsCl, InCl 3 , BiCl 3 , NaCl and AgCl. Then, the Cs 2 Ag 0.60 Na 0.40 InCl 6 film was exposed to air for 5 min and further annealed at 150 °C in N 2 for 5 min to promote crystallization. Afterwards, 40nmthick TAPC layers were deposited at a speed of 0.10-0.20 Å s . Material characterization. Powder XRD measurements were performed by grind ing Cs 2 Ag x Na 1−x InCl 6 crystals into fine powders in a mortar, using a Philips X'pert pro MRD diffractometer with Cu Kα radiation. Highresolution XRD measure ments were conducted on a powder diffractometer (D8 ADVANCE, Bruker) using a Cu Kα rotating anode. The absorption and reflectance spectra were measured on an ultraviolet-visible spectrophotometer (PerkinElmer Instruments, Lambda 950) with an integrating sphere, which was calibrated by measuring a reference material (MgO powder) at the same time. The photoluminescence and PLE measurements were carried out using an Edinburgh Instruments Ltd UC920 spectrometer. The temperaturedependent photoluminescence spectra were measured using a Horiba Jobin Yvon LabRAM HR800 Raman spectrometer excited by a 325nmwavelength He-Cd laser and at a temperature ranging from 80 to 500 K, achieved using a liquidnitrogen cooler. The intensitydependent photoluminescence measure ment was also carried out using a picosecondpulse diode laser (Light Conversion, Pharos) with 365nm output wavelength and 50ps pulse width, and the pulse intensity was monitored by a power meter (Ophir PE10BFC). The power density was controlled by neutraldensity filters (Light Conversion, Pharos). The photo luminescence lifetime measurement was performed using timecorrelated sin glephoton counter technology. The excitation beam was a picosecondpulse diode laser (Light Conversion, Pharos) with 365nm output wavelength and 50ps pulse width. For the transientabsorption measurement, an amplified Yb:KGW laser (Light Conversion, Pharos) with 5kHz repetition rate was used to generate fem tosecondlaser pulses (pump wavelength, 325 nm; intensity, 4 μJ cm −2 ). A crystal with a size of about 0.2 × 1.0 × 1.0 mm 3 was placed on the glass substrate during the measurement. ICPOES measurements were carried out using a Perkin Elmer Optima 7300DV spectrometer with the Cs 2 Ag x Na 1−x InCl 6 powders dissolved in HCl. Thermal gravimetric analysis were performed with a PerkinElmer Diamond TG/DTA6300 system at a heating rate of 10 °C min −1 from room temperature to 800 °C in N 2 flow using an alumina crucible. A Cs 2 Ag 0.60 Na 0.40 InCl 6 thin film fab ricated by thermal evaporation was characterized by scanning electron microscopy (FEI Nova NanoSEM450, without Pt coating), ultraviolet photoemission spectros copy (Specs UVLS, He i excitation, 21.2 eV; referenced to the Fermi edge of argon etched gold). Stability against heat was measured by simply putting the powders on a 150 °C hotplate in N 2 , and the photoluminescence intensity was measured after a certain time interval. We note that all measurements were performed on powder and crystals, except for the electroluminescence measurements, which were made on films. Transmission electron microscopy analysis. Transmission electron microscopy (TEM) specimens were prepared by crushing the asgrown single crystals and then dropcasting them onto a TEM copper grid covered by an ultrathin carbon film. TEM characterization was carried out on a JEOL 2100F TEM with a fieldemis sion gun operating at 200 kV at the Monash Centre for Electron Microscopy (MCEM). Lowdose selectedarea electron diffraction and scanning electron nanobeam diffraction were performed to avoid beam damage. Using a nominal current density of 2 pA cm −2 , no change in lattice parameters was observed after several minutes' exposure. For the scanning electron nanobeam diffraction meas urement, a step size of 5 nm was used and a dataset of 10 × 10 diffraction patterns of (2,048 pixels) × (2,048 pixels) was collected from a square region of 50 × 50 nm 2 .
We deployed a digital micrograph script for automatic control of the scanning coils and pattern acquisition, developed by J. M. Zuo's group at the University of Illinois at UrbanaChampaign. First-principles density functional theory, many-body perturbation theory and BSE calculations. Density functional theory, GW and BSE calculations were performed using the VASP code 32, 33 with projector augmentedwave (PAW) 34 potentials. A kinetic energy cutoff of 520 eV and Γcentred 4 × 4 × 4 kmesh were employed. Because the band gaps of both Cs 2 AgInCl 6 and Cs 2 NaInCl 6 were found to be sensitive to the bond length, we used the more accurate PBE0 while keeping the lattice parameters fixed at their experimental values. With the relaxed coordinates, GW calculations were performed using the PBE 36 wavefunc tion. Partial selfconsistency on Green's function only-the GW 0 scheme-was adopted. For the GW calculations, an energy cutoff of 200 eV for the response function, 200 real frequency grids for the dielectric function and 1,000 bands were used. The results were further extrapolated to infinitebasis sets and a number of bands 37 . GW band structures were obtained using Wannier interpolation with the wannier90 code 38 . BSE calculations were performed using the GW quasipar ticle energies. The number of occupied/virtual states used for Cs 2 AgInCl 6 and Cs 2 NaInCl 6 were 2/2 and 24/4, respectively, to achieve convergence of the sev eral lowlying exciton states. The exciton binding energies were extrapolated to infinitely dense kmeshes. For a finer kmesh, GW calculations are computation ally prohibitive. We used Wannier interpolation to interpolate the GW quasipar ticle energies and model the dielectric function 39 ε q , which was fitted from the value obtained with a coarser grid to interpolate the dielectric function (ε q = 1
, where ε ∞ is the static dielectric constant, q is the wave vector, and a and b are fitting parameters). STE calculation. To study the STE properties, we used the restricted openshell Kohn-Sham (ROKS) theory [40] [41] [42] , as implemented in the cp2k code 43 . A supercell with a single Γ point was used in the calculation. The doublezeta valence polar ization molecularly optimized basis sets 44 , PBE exchangecorrelation functional and Goedecker-Teter-Hutter pseudopotentials 45 were used. Energy cutoffs of 300 Ry and 1,200 Ry (1 rydberg, 1 Ry = 13.605 eV) were used for Cs 2 AgInCl 6 and Cs 2 NaInCl 6 , respectively. The delocalization error of the PBE functional was removed using the scaled Perdew-Zunger selfinteraction correction 46, 47 only on the unpaired electrons 48 . The scaling parameter α of the Hartree energy was fitted to reproduce the exciton binding energies calculated by the GWBSE approach. The exciton binding energy within the ROKS framework is calculated as E b = E g -(S 1 -E 0 ), where S 1 and E 0 are the first excited singletstate and ground state energies, respectively. We obtained α = 0.30 and α = 0.34 for Cs 2 AgInCl 6 and Cs 2 NaInCl 6 , respectively. Because the present selfinteraction correction scheme is not meant to correct the bandgap, the excitedstate curves in the configuration coordinate diagrams were shifted by aligning the freeexciton energy with that from the GWBSE calculations. A supercell with a size of 21.0 × 21.0 × 21.0 Å Cs 2 NaInCl 6 . However, for Cs 2 AgInCl 6 , owing to the small effective mass of the electron, a supercell with a size as large as 41.9 × 41.9 × 41.9 Å 3 is needed. For a completely delocalized state, the selfinteraction correction is zero; hence, we neglected the selfinteraction correction on the electron wavefunction of the STE in Cs 2 AgInCl 6 . This can safely reduce the supercell size to only 20.9 × 20.9 × 20. A(hν) (x = 3 for dipoleallowed transition, x = 5 for dipoleforbidden transition), where hν is the photon energy and C is the normalization factor, which includes the transition dipole moments for dipole allowed transitions, or the magnetic dipole moments and electric quadruple moments for dipoleforbidden transitions. A is the normalized spectral function, under the Franck-Condon approximation:
is the thermal occupation factor of the excitedstate phonons with energy ћω m = (m)ћΩ m , where Ω m is the phonon frequency, m is the corresponding quan tum number, n denotes the related groundstate quantity, T is the temperature and k B is the Boltzmann constant. E ZPL is the zerophonon line energy, which is the energy difference between the minima of the excited and groundstate curves plus the zeropoint energy difference, (1/2)ћ(Ω e − Ω g ). χ em and χ gn are the harmonic phonon wavefunctions of the excited and ground states, respectively. The FranckCondon factors |⟨ | ⟩| χ χ n m g e 2 were calculated by the recurrence method 50 . The δ function in equation (1) was replaced by the Lorentzian with a broadening para meter of 0.03 eV, which is around the phonon cutoff frequency of Cs 2 AgInCl 6 (Extended Data Fig. 2) . LED devices on ultraviolet chips. GaNbased ultraviolet chips (14 W output, 365-370 nm peak emission) were purchased from Taiwan Epileds Company. The Cs 2 Ag 0.60 Na 0.40 InCl 6 crystals were ballmilled into fine powder, and the powder was painted onto the commercial chips without encapsulation. The LEDs were driven by a Keithley 2400 source meter, and the emission spectra and intensity were recorded by a Photo Research SpectraScan PR655 photometer. For the device stability test, the LED was continuously powered by a Keithley 2400 source meter at a fixed current, and the initial brightness was set at about 5,000 cd m −2 . The device performance was monitored after a certain time interval. Electroluminescence device performance measurement. The density-voltage and luminance-voltage characteristics and the electroluminescence spectra of the devices were collected by a Photo Research SpectraScan PR655 photometer and a Keithley 2400 source meter constantcurrent source. All the experiments were carried out at room temperature under ambient conditions in the dark. Calculation and comparison of Huang-Rhys factors. In principle, the Huang− Rhys factor (S) reflects how strongly electrons couple to phonons and can be obtained by fitting the temperaturedependent fullwidth at halfmaxima (FWHM) of photoluminescence peaks using the following equation where ћω phonon is the phonon frequency. For Cs 2 AgInCl 6 , S and ћω phonon are cal culated as 38.7 and 20.1 meV, respectively, in good agreement with our simulation results (37 and 17.4 meV). Extended Data Table 1 lists the S values of a few repre sentative compounds-we note that the Huang-Rhys factor of nanomaterials is generally higher than that of their bulk counterparts because of quantum confine ment 52 . The Huang-Rhys factor of Cs 2 AgInCl 6 is 38.7, which is larger than that of many common emitters, such as CdSe 53 , ZnSe 54 and CsPbBr 3 55 , indicating the easy formation of STEs in Cs 2 AgInCl 6 . For comparison, formation of STEs is also found in materials with high Huang-Rhys factors 56 , such as Cs 3 Sb 2 I 9 , Cs 3 Bi 2 I 9 and Rb 3 Sb 2 I 9 . However, for efficient STE emission, S should not be overly large, because otherwise the excitedstate energy would be dissipated by phonons, as is the case in Cs 2 NaInCl 6 . This is because S also influences photoluminescence emission through the Franck-Condon factor, as described by equation (1) . If we assume that the ground and excited states have similar phonon frequencies, the Franck-Condon factor (F, at zero temperature) can be simplified as
n m
S n 2
The photoluminescence peak appears at n ≈ S, so
S S max which is a monotonically decreasing function of S. Because the photoluminescence intensity is positively correlated with S, the larger the S, the smaller the radiative rate and the lower the emission efficiency. Thereby, the S value could potentially serve as the figure of merit for the design of efficient emission from STEs. The ideal value of the Huang-Rhys parameter should be intermediate for efficient STE emitters. Mechanistic study of Bi 3+ doping. Extended Data Fig. 6 provides information about the effect of Bi 3+ incorporation on the PLQY improvement. For a Bidoped Cs 2 AgInCl 6 sample, the XRD measurement revealed smaller FWHM (from 0.058° to 0.034°) of the diffraction patterns, and the optical measurement demonstrated diminished subbandgap absorption after 400 nm and increased photolumines cence lifetime-from 2,971 ns (70%) to 5,989 ns (97%). Because an In 3+ vacancy is a deep defect in Cs 2 AgInCl 6 , and isovalent doping helps to reduce vacancy defects in perovskite, we believe that Bi doping passivates defects and suppresses nonra diative recombination loss. Additionally, the theoretical simulation indicated that Bi doping introduces a shallow state right above the valenceband maximum and forms nanoelectronic domains in the matrix that concentrate holes. The holes finally relax to Ag sites through Bi 6s/Ag 4d orbital hybridization and lattice inter action, promoting exciton localization, just like Idoped AgBr for STE emission. Therefore, Bi doping improves crystal quality and promotes radiative recombina tion, enhancing the PLQY. Code availability. The customized codes required for STE calculation with cp2k and the Python script used to calculate the Franck-Condon factors and lumines cence spectrum are freely available at https://github.com/wxiaom86.
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